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Abstract 
 
Glazed envelopes can cause significant thermal energy gains or losses. The installation of a novel design of Complex 
Fenestration Systems (CFS), such as embedded mirrors, could significantly contribute to reduce the energy consumption. In order 
to determine the influence of this glazing technology on thermal loads, a parametric study considering twenty-two European 
locations has been carried out. Simulations were performed for each location, to evaluate the range of latitudes for which the 
installation of the microstructures is advantageous. Optical microstructures found to be a valid solution to increase energy 
savings up to 20% when compared to a sun protective glazing. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
 
Keywords: embedded microstructures, climate, thermal loads, energy savings. 
 
 
 
1. Introduction 
 
Glazing is a key material in building façades for aesthetic and energetic motivations in modern constructions. At 
the same time the attention to the environment is increasing, and buildings are designed to be more and more 
sustainable. About 20% to 60% of all energy used in buildings is affected by the design and the construction of the 
building envelope [1]. Therefore the need to focus on the role that windows can play from the energetic point of 
view is growing. The installation of Complex Fenestration Systems (CFS) can be an interesting solution to reduce 
the energy demand. In particular, a novel design of embedded microstructures [2] can be used to find a compromise 
between daylighting, glare protection and seasonal thermal control. Such a CFS could significantly contribute to  the 
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reduction of energy consumption in buildings: in winter the heating loads can be reduced by exploiting solar gains, 
while in summer the gains can be moderated to avoid overheating and excessive cooling loads. This seasonal 
dynamic effect can be achieved by embedded mirrors combined with a second reflector as described in [3]. For a 
given configuration of such reflectors, the geometry of the microstructure is characterized, among other properties, 
by the blocking angle and the width of the blocking range. The transmittance depending on the elevation angle of the 
sun is illustrated in Figure 1. During the winter period, when the solar elevation is low (21,4° is the winter solstice in 
Turin), the total transmittance of the microstructured glass is high (around 70%). In summer, for a range of incidence 
angle from 50° to 68°, the transmittance reaches low values, mainly between 10% and 20%. This seasonal variation 
of the transmittance enables solar gains in winter and reduces them during the hot months. 
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Fig. 1. Total transmittance of the embedded microstructured glazing at different incidence angles on the vertical window plane. Vertical blue 
lines indicate the solar elevation at noon on solstices for Turin. 
 
Numerous parameters influence the performance of the embedded micro-mirrors for glazing envelopes: 
microstructure design, site, orientation, climatic conditions as well as geometry and thermal properties of the 
considered room. However one of the most interesting points is to evaluate how thermal loads vary for changing 
latitudes, fixing the blocking angle and the blocking range of the microstructure and the type of room, to assess the 
range of latitude for which a particular microstructure is suited. 
The frame for the present study is to analyze the impact of the local climate, in order to evaluate its influence on 
the thermal loads for a reference office room. Using a ray tracing program, simulations for each location have been 
performed. 
 
2. Methodology 
 
The parametric study was performed in order to investigate the thermal loads for different glazed façades as a 
function of the latitude. A standard double glazing and a sun protective glazing were considered as reference cases; 
an advanced CFS [2] comprised of micro-mirrors was studied. The blocking angle and blocking width of the micro- 
mirrors have been defined in order to optimize the thermal loads for one location: Lausanne. On the other hand, the 
geometry and the thermal properties of the considered office room are maintained for all the simulations. The aim is 
to evaluate the reachable energy savings during the year, in comparison with the two reference glazing. 
The simulations have been performed with a ray tracing program based on a Monte Carlo method for the 
statistical evaluation of the bidirectional transmission distribution function of CFSs [4]. This program allows to 
model the path taken by light through the microstructured glass. The thermal performance depends on the CFS 
geometry but also on the location and time dependent variations of the irradiance distribution of the sky [4]; for 
accuracy, direct and diffuse irradiance are computed separately. A realistic sky luminance distribution is considered 
for diffuse irradiance, according to the Perez model [5]. The location dependence on the hourly solar path is 
considered for the direct radiation. 
Energy savings for different latitudes have been derived, in order to quantify the advantages of the embedded 
microstructures from the energetic point of view. 
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3. Locations and input data 
 
Twenty-two locations were selected, evenly distributed over Europe, in order to study the behavior of different 
types of glazing. They were properly chosen to illustrate the diversity of European climates in a range of latitude 
between 38°N and 60°N (Figure 2). 
Table 1 provides the list of locations with their latitude, longitude and altitude above the sea level. Geographical 
and meteorological data for all case study locations were taken from the meteorological database Meteonorm [6]. 
 
Table 1. European locations for the evaluation of the influence of glazing on the thermal loads. 
 
 Athens Madrid Rome Marseille Turin Lausanne Zurich Wien Munich Strasbourg Paris 
Latitude (°N) 38,0 40,5 41,8 43,4 45,2 46,5 47,4 48,3 48,4 48,6 48,8 
Longitude (°) 23,7 -3,7 12,6 5,2 7,7 6,7 8,6 16,4 11,8 7,6 2,3 
Altitude (m) 107 669 131 6 282 461 556 209 447 150 75 
 
 
 
 Prague Frankfurt Gent London Berlin Hamburg Copenhagen Glasgow Goteborg Stockholm Bergen 
Latitude (°N) 50 50,1 51,0 51,5 52,5 53,7 55,7 55,9 57,7 59,3 60,4 
Longitude (°) 14,5 8,6 3,8 -0,1 13,4 10,1 12,3 -4,5 12 18,1 5,3 
Altitude (m) 304 111 15 77 50 49 28 59 4 52 12 
 
 
 
Fig. 2. Map of the twenty-two chosen locations in Europe. 
 
The European climate can be briefly summarized as follows: the southern locations, as Athens, Madrid and Rome 
are characterized by mild winters, warm and dry summers and quite high solar irradiation over the whole year (in 
the coldest months the minimum value of global horizontal irradiation is around 65 W/m2). The northern and eastern 
locations like for example Prague, Wien and Strasbourg have a continental climate, with cold and long winters and a 
short and humid hot season. Finally, locations such as London, Goteborg, Gent and Copenhagen are considered 
belonging to the Atlantic region and have mild temperatures in summer and less cold winters than the continental 
zone (temperatures slightly above 0°C), with quite rare snowfalls. 
The geometric characteristics of the reference office room have been set and maintained for all the geographical 
locations. 
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Only the south oriented façade of the office (10,1 m2) is exposed to the exterior; all the other vertical walls are 
partition walls separating the room from other offices and from the corridor of the building. The window to wall 
ratio is supposed equal to 0,4 and it corresponds to the surface area of the fenestration system divided by the surface 
of the façade wall on which the window is installed. Consequently the total window area is 4,0 m2. 
Concerning the thermal properties of the reference office, a well-insulated modern room is considered, with a U- 
value of 0,15 W/m2K for the façade wall. The thermal capacity of the façade wall is about 1880 kJ/K and of the 
partition walls 4380 kJ/K. Simulations have been performed using an air change rate of 0,5 h-1. For all windows, a 
reasonable U-value is assumed, equal to 1,3 W/m2K. The thermal loads account for the energy required to keep the 
temperature in a certain range. The maximum acceptable temperature for the cooling is set up to 26°C and the 
minimum acceptable temperature for the heating is set up to 20°C, in order to assure the thermal comfort in the 
indoor environment. Theoretical COP values for cooling and heating are assumed equal to 1, in order to study the 
effective thermal loads for heating and cooling. 
Therefore, the energetic performance of the office room has been evaluated comparing three different glazing in 
order to determine the best solution in each case: firstly the novel microstructured glass, then a sun protective glass 
and a standard double glass. The total transmittance for hemispherical, semi-hemispherical (upper half, sky) and 
normal incidence of the sun protective glazing is comparable with the microstructured glass (Table 2). 
 
Table 2. Total transmittance for hemispherical, semi-hemispherical (upper half, sky) and normal incidence angle. 
 
 Microstructured glass Sun protective glass Standard double glass 
Hemispherical 37 44 61 
Semi-hemispherical 49 44 61 
τ (0°) 40 50 69 
 
 
4. Results and discussion 
 
Figure 3 shows the cumulated annual thermal loads for the considered glazing envelopes in three locations at 
very different latitudes: Athens (38°N), Lausanne (46,5°N) and Stockholm (59,3°N). The optimization of the 
embedded microstructures has been carried out for Lausanne, bringing the thermal loads down to 19,4 kWh/m2. In 
comparison, the sun protective glass leads to annual thermal loads equal to 23,5 kWh/ m2 and the standard glass 
around 27,2 kWh/m2. It can be not2iced that for the other two locations the total annual thermal loads with the double 
glazing are larger than in Lausanne. The reason is that for locations in the south of Europe more cooling is required 
to compensate for higher solar gains. The use of a sun protective glass reduces by about 37% the thermal loads in 
southern locations, compared to the standard double glass. On the other hand, at latitudes around and above 50°N, in 
the winter season, a higher amount of heating loads is needed. Moreover, for Stockholm the microstructured glass 
and the solar glass roughly bring to the same energy consumption during the year, equal to 42,4 kWh/m2 and 44,2 
kWh/m2, respectively. This is due to the lower amount of cooling loads, making the sun protective glass less useful. 
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Fig. 3. Cumulated annual thermal loads (kWh/m2) for Athens, Lausanne and Stockholm. The microstructures are optimized for Lausanne. 
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The total annual thermal loads for the chosen latitudes are shown in Figure 4. The energy consumption is highest 
in locations requiring more cooling or heating. The fluctuation of the three curves is due to the changing temperature 
and irradiance all over the year, that is not only dependent on the latitude, but also on the particular micro-climate of 
the region (alpine, oceanic, continental). 
It can be noticed that the lowest reachable thermal loads with the microstructured glazing are in Turin (16,7 
kWh/m2), and the highest in Stockholm. London and Glasgow present quite low thermal loads, in comparison to 
cities with the same latitudes. This is because they belong to the Atlantic region, with milder climatic conditions. 
Concerning especially London and Paris, another reason explaining the lower amount of thermal loads can be the 
Urban Heat Island (UHI) effect that causes a relevant increase of temperature in large urban areas. 
In general, the standard double glass is the type of envelope that causes the greatest amount of loads, reaching the 
highest values for a low range of latitudes (from Athens to Marseille), where the use of a sun protective glass 
significantly decreases the annual energy consumption. The cities located in the continental area of Europe such as 
Zurich and Prague, correspond to the two maximum in a middle range of latitude (from 47°N and 51°N): they 
involve a higher energy consumption to cover the heating demand. 
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Fig. 4. Annual thermal loads (kWh/m2) at different latitudes for the three types of glazing envelopes. 
 
However the installation of the embedded microstructured glass is an advantage for all the locations, except 
Glasgow and Bergen, where all the glazing envelopes have the same effect on thermal loads, due to the overcast sky 
that governs in these regions roughly all over the year. 
Figure 5 illustrates the relative energy savings of the microstructured glass when compared to a standard glass 
(orange line) and a sun protective glazing (violet line). In the studied locations, the installation of the novel static 
device as glazing envelope is convenient from the energetic point of view. 
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Fig. 5. Relative energy savings at different latitudes, in comparison with the standard double glass and the sun protective glass. 
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The only two exceptions are Glasgow and Bergen, where the relative energy savings are null. However in the 
majority of cities the microstructured glass brings relevant savings in comparison to the sun protective glazing. The 
savings are highest in Turin with 22%, while in Lausanne they amount to 17%. In general energy savings in 
comparison with the standard double glass are higher, especially for latitudes lower than 46°N. In this case, from 
Athens to Rome the savings reach 40% and in Marseille there is the maximum value, almost 50%. 
Zurich presents low savings (8%) in comparison with Lausanne, despite similar latitudes. This is explained by the 
difference in climate. Zurich has lower monthly mean temperatures (2°C) and energy loads are dominated by 
heating. Because of the high portion of diffuse light in winter the solar gains are reduced for this location. To 
maximize solar gains in winter the direct part of the irradiance should be high. For a microstructured glazing, the 
transmittance is especially high for direct radiation with an incidence angle between 10° and 40°. However the 
overall transmittance is relatively low. The difference between energy savings in Turin and in Marseille is also 
explained by differences in the climate. First of all, the blocking range of the micro-mirrors is more adapted to the 
solar path in Turin. Moreover in Marseille the irradiance levels are higher; in particular the part of direct  irradiance 
is higher than diffuse irradiance all year around. This induces an overheating problem starting in spring, before the 
sun elevation angle reaches the blocking range. 
It has to be considered that varying the COP values of the reversible heat pump, the annual thermal loads can 
change, depending on the efficiency for the cooling and the heating operational modes. Therefore, as future work, a 
study of the obtained energy savings at different COP values can be performed. 
 
5. Conclusions 
 
The thermal performance of a novel microstructured glazing was analyzed in several climates all over Europe 
and compared with a standard double glass and a sun protective glass. A parametric study for quantifying the needed 
thermal loads during the year was presented, based on simulations with a ray tracing program. Focusing on a south- 
oriented well-insulated room, the impact of the embedded microstructures on the yearly energy consumption was 
shown for different climates. The study demonstrates the impact that a suitable design of the glazing envelope can 
have on the energy balance of the building. For southern located cities, embedded microstructures are competitive, 
in comparison with the use of a sun protective glass. The geometry of the CFS could be improved to obtain higher 
energy savings, for southern locations. In the north of Europe, energy savings are slightly lower but still around 5%, 
except for Glasgow and Bergen. 
The aim of embedded microstructures is to reach the best compromise between a good level of daylighting, glare 
protection and seasonal thermal control. In this study, the optimization of the novel CFS has been performed 
focusing on the thermal performance. The resulting energy consumption is significantly reduced. Especially in the 
range of latitude in which the optimization of the microstructured glass was performed, savings can exceed 20%. 
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